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Subgrid-scale energy transfer and associated coherent
structures in turbulent flow over a forest-like canopy
Md. Abdus Samad Bhuiyan · Jahrul M Alam
Abstract Large eddy simulation allows to incorporate the important driving physics of tur-
bulent flow through forest- or vegetation-like canopies. In this paper we investigate the ef-
fects of vortex stretching and coherent structures on the subgrid-scale (SGS) turbulence
kinetic energy (TKE). We present three simulations (SGS-d/s/w) of turbulence-canopy inter-
actions. SGS-d assumes a local, dynamic balance of SGS production with SGS dissipation.
SGS-s averages the SGS contributions of coherent structures over Lagrangian pathlines.
SGS-w assumes that an average cascade of TKE from large- to small-scales occurs through
the process of vortex stretching. We compare the consequences of considering a forest of
the same morphology as immersed solids or an immersed canopy. Our results show clear
differences in the characteristics of flow and turbulence, while both the cases exhibit canopy
mixing layers. The results also show that the consideration of vortex stretching resolves
about 18% more TKE with respect to classical Deardorff’s TKE model. These observations
indicate that the aerodynamic response of the forest canopy is linked to the morphology of
the forest cover. Sweep- and ejection-events of the spatially intermittent coherent structures
in forests as well as their role in transporting momentum, energy, and scalars are discussed.
Keywords forest canopy; turbulence; subgrid-scale closure; canopy stress.
1 Introduction
In the atmospheric boundary layer (ABL), the aggregate effect of a large collection of
vertical obstacles (e.g., trees, buildings, etc) [7,38,33,32,27] is to squeeze the turbulence-
containing surface layer between the outer layer and the canopy-roughness sublayer [36,18,
19] . For example, the Earth Observatory Report of NASA indicates the hight (h) of forests
can be up to 70 m. The roughness effect of such a forest may influence a height 3h to 5h from
the ground [6]. During the past three decades, the turbulence kinetic energy (TKE) budget of
such canopies was thoroughly scrutinized by wind-tunnel and large-eddy simulation (LES).
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Past work suggest that the pressure transport is dominant in the lowest two-third (2h/3) of
forest canopies [7,18,24]; however, large-scale coherent structures are primarily responsible
for the turbulent transfer between forests and the atmosphere [36,35,16,19,21]. A substan-
tial work also focused on parameterizing the aggregate effects of the form drag induced
by the canopies. There are few important questions associated with the transition of length
scales of coherent structures, such as how to realistically represent the unresolved part of the
turbulent transport in the canopy-roughness sublayer, where the energy-containing motions
are inherently under-resolved by LES.
In this article we follow the vorticity transport theory of Taylor [40] in which subgrid
scale turbulence is regarded as an effect of vortex stretching rather than as a diffusion of
straining motion. The local differences in pressure would affect the momentum of an eddy,
and thus, the strain rate provides incorrect rate of turbulence dissipation, thereby requiring
ad-hoc modification of SGS models for ABL flows. Based on the vortex stretching hypoth-
esis, we present LES results for a turbulent flow over forest-like canopies in ABL. Vortex
stretching appears as an appealing candidate for SGS modeling because the direction of
maximal stretching is the direction of maximum positive eigenvalues of the strain tensor.
In other words the stretching of vortices sets the rate of dissipation through the enstrophy
production. The consideration of vortex stretching can be useful for canopy flows because
in the surface layer, the energy-containing length-scale diminishes, and anisotropy strength-
ens. The most widely used SGS models for ABL flows [29] needs dynamic adjustments of
model parameters in order to capture the TKE budget and the local backscatter of energy.
In LES (e.g. [11,12,13,14]), vortex stretching could be directly linked to the energy con-
taining resolved modes of the solution of Navier-Stokes equations. Recent work on LES
of canopy flows indicate that vortex stretching and coherent structures can be useful for
advancing subgrid models [36,18,15,16,19,43,21]. Some investigations (e.g. [18,19,16])
have emphasized that the morphology of the canopy usually leads to considerable scatter of
the SGS coherent motion in the roughness sublayer, which is dominated by the stretching of
small-scale vortices.
In LES, the turbulence eddy-viscosity
νsgs = (Cs∆LES)
2(2SijSij)1/2 (1)
was proposed by Smagorinsky [37], which ensures that−Sijτij+Ck3/2sgs /∆LES = 0; i.e. the
dissipation−Ck3/2sgs /∆LES accounts for the local production−Sijτij if τij−(3/2)ksgsδij =
2Ck∆LESk
1/2
sgs Sij and C2s = C3/2k /C (see [29]). Here, τij and Sij are subgrid-scale stress
and resolved strain, respectively. Deardorff [11] considered a local dynamic balance of the
energy flux −τijSij that is to be transferred from the resolved scale motion and dissipated
by the unresolved motion. This approach solves a transport equation in order to provide
the eddy viscosity νsgs = Cs∆LESk1/2sgs [11]. Meneveau et. al. [26] proposed to dynamically
calculateCs by averaging the Lagrangian history of coherent structures, which is very useful
when the grid is not sufficient to resolve the canopy-roughness sublayer. Sullivan et al [39]
and Leveque [23] proposed to locally adjust νsgs by considering the fluctuating strain rates in
Eq (1) instead of the resolved one. Instead of considering the rate of strain Sij , Nicoud [30]
considered the trace-less symmetric part of the square of the velocity gradient tensor for
estimating νsgs. In canopy flows, it is important to consider that the energy cascade from large
to small scales depends on two different mechanisms, namely, a linear transfer that accounts
for the mean rate of strain Sij in a statistical sense and a nonlinear transfer that accounts for
the transition of scales of coherent structures. The guideline for such a consideration in the
present study of canopy flows is a continuation of the work of [39], [30], and [23].
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In what follows, we begin by a general outline of canopy layer, porous media, and turbu-
lence modeling in Sec 2. We then consider a brief comparison of the result of proposed LES
with the wind-tunnel measurements in Sec 3, before highlighting the potential differences
in dynamic modeling of SGS turbulence in Sec 4.
2 Materials and methods
2.1 Aerodynamic response to forest morphology and theory of porous media
The method of volume average is applied to the Navier-Stokes equation (NSE) to model the
fluid dynamic response to solid obstacles as a drag force fi that accounts for the pressure and
the viscous stress [18,19]. If a box-filter is applied to NSE, we have the sub-filter scale kine-
matic stress τij = 〈u˜iu˜j〉 − 〈u˜i〉〈u˜j〉, where u˜i = 〈ui〉+ u′i is the total (filtered+subgrid)
velocity in the xi direction. The volume averaging and the box-filtering commutes except in
the canopy region. For simplicity, we may drop the symbol ‘〈·〉’ from the filtered variable,
unless it is explicitly needed.
The finite volume method acts as an implicit box-filtering kernel, which separates the
motion beyond the cutoff scale ∆LES(∝ 3√∆x∆y∆z), where (x1, x2, x3) = (x, y, z). In
this study, we solve the filtered NSE for the atmospheric boundary layer flow, where the
aerodynamic response to forest morphology extends from the surface x3 = 0 to a height of
x3 = h. The filtered equations are (where the summation convention is assumed in the rest
of the article)
∂ui
∂t
+ uj
∂ui
∂xj
= − 1
ρ0
∂〈P 〉
∂xi
− ∂p
∂xi
− ∂τij
∂xj
− fi, (2)
and
∂ui
∂xi
= 0. (3)
In the literature [36], a canonical framework of representing forest or vegetation canopies is
to replace fi in the momentum equation (2) by a pressure-drag [15]. In the classical theory of
porous media, fi, in Eq (2), is expressed through the Darcy-Forchheimer model of a porous
layer [10] in which a portion of the pressure gradient of Eq (2) accounts for
∂p′′
∂xi
= −
(
ν
K
+
Cd|u|√
K
)
ui, (4)
where p′′ is the local pressure change experienced by the canopy, K is the porosity, and Cd
is a constant. It was reported in [19] that the volume averaged pressure drag – the last term
in (4) – is about three times larger than the viscous drag – the second last term in (4). The
kinematic pressure-drag of a canopy is typically proportional to the product of a one-sided
plant area density A ∼ K−1/2 and the square of the resolved velocity [17].
2.2 Turbulence modeling
As discussed in the introduction, turbulent motions at scales smaller than the grid spacing
are accounted for through the deviatoric subgrid stress τ sgsij = τij − (1/3)τkkδij in the
second last term of Eq (2), which is computed using the strain rate as
τ sgsij = νsgsSij . (5)
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In (5), it is assumed that the local pressure differences have no effect on the momentum
transported by large eddies. Thus, the eddy viscosity νsgs is defined to be a product of a
length scale ∆LES and a velocity scale ∆LES(2SijSij)1/2, where the Smagorinsky-Lilly pa-
rameter Cs determines the desired contribution of unresolved eddies or coherent structures.
As the surface is approached, anisotropy in turbulence increases, and thus, the dynamic ap-
proach [20] of evaluating Cs directly from the resolved field becomes important.
2.2.1 Lagrangian dynamic SGS model (SGS-s)
In the Lagrangian dynamic procedure, Cs is determined by averaging inhomogeneous flows
over a Lagrangian time scale, where one solves two additional transport equations, namely,
for Ilm and Imm. Using the Germano identity Lij = Tij − τij , where the additional stress
Tij comes from the test-filtering operations at a scale 2∆LES (or larger), the Lagrangian ap-
proach defines the model parameter Cs =
√Ilm/Imm. This approach is known to be ef-
fective for inhomogeneous flows. Yan et. al. [43] observed some discrepancies in the simula-
tion of canopy flows by the Lagrangian dynamic model, which may be attributed to the lack
of appropriate test-filtering kernels because solid bodies immersed in the fluid are resolved
by the work of [43]. In case of considering the classical canopy model, the Lagrangian dy-
namic procedure can properly represent the role of subgrid-scale energy-containing motion.
2.3 Deardorff’s TKE model for canopy flows (SGS-d)
Deardorff [14] advanced the Smagorinsky-Lilly model, Eq (1), by incorporating a dynamic
balance of subgrid-scale production and dissipation, where
νsgs = Csk
1/2
sgs ∆LES (6)
is dynamically varied by obtaining k1/2sgs from the TKE equation
∂ksgs
∂t
+
∂ujksgs
∂xj
= −τijSij − C k
3/2
sgs
∆LES
+
∂
∂xj
(
νsgs
∂ksgs
∂xj
)
. (7)
As mentioned earlier, the Smagorinsky model Eq (1) can be derived by retaining only the
first two terms in the right hand side of Eq (7). The second last term in Eq (7) can be
written as −C(`/∆LES)sgs, where ` = k3/2sgs /sgs is the integral length scale. Notice the
new parameter C in Eq (7). Commonly used values of the two parameters for ABL flow
simulations are Cs ∼ 0.1, and C ∼ 0.93 [29].
In the present work, we consider the dynamic variation of the parameters Cs and C,
which are determined using the similar approach of classical dynamic Smagorinsky model [20].
Following [36] we have also added a sink term in Eq (7) in order to represent the dissipa-
tion of turbulent eddies in the canopy zone [15]. Note that ref [19] considered a constant
value of Cs, where they diagnosed ksgs from the resolved flow instead of solving Eq (7). In
addition to determining the velocity scale k1/2sgs dynamically, the dynamic variation of Cs
and C in the present study also provides useful feedback for considering such a model in
turbulence resolving atmospheric boundary layer flow simulations. It is worth mentioning
that the SGS-d model with constant values of the model parameters is usually considered in
simulations of atmospheric boundary-layer flows [28,4].
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2.3.1 Coherent structure-based scale-adaptive SGS model (SGS-w)
A purpose of considering coherent structures in the dynamic modeling approach (see [40])
is to address cross-scale interaction in turbulent flows by introducing scale-awareness in
the eddy viscosity model [2,3]. We have seen from the Lagrangian dynamic approach and
Deardorff’s TKE-based model that it is important to adjust the velocity scale given by
k1/2sgs = ∆LES(2SijSij)1/2, which improves the Smagorinsky-Lilly model (1). This is be-
cause the characteristic length scales of coherent structures varies as the flow transition from
one sublayer to the other as the surface is approached. An algebraic approach of modeling
the SGS TKE from the resolved velocity is to consider the scale-adaptive eddy viscosity [30,
31,41]
νsgs = Cw∆LES

k1/2w︷ ︸︸ ︷
∆LES(SdijSdij)3/2
(SijSij)5/2 + (SdijSdij)5/4
 . (8)
In Eq (8), Sdij is the trace-less symmetric part of the tensor (∂ui/∂xj)2. It can be shown
that the expression with the square bracket [·] has an asymptotic limit of O([zu∗/ν]3) as
z → 0, where the mean flow varies only in the wall-normal direction. Thus, in the vicin-
ity of a solid within the viscous sublayer, νsgs defined by Eq (8) vanishes. We find that
SdijSdij = (2/3)Q2 + (1/2)|Sω|, where Q is the second invariant of the velocity gradi-
ent tensor and Sω = Sijωj is the vortex stretching vector. In other words, if we consider
the expression within [·] in Eq (8) for computing k1/2sgs , it would provide a velocity scale
(i.e. the eddy viscosity) which is dynamically adjusted according to the magnitude of the
coherent structure and vortex stretching. Equating the eddy-viscosity given by Eq (8) to
that given by Eq (1), the constant Cw can be determined in terms of the resolved velocity
and the Smagorinsky-Lilly constant Cs. For the numerical tests reported in this paper, we
have found that a constant value of Cw = 0.325 provides reasonably accurate results in
comparison to the two other models considered in the present study.
3 Comparison with wind-tunnel measurements
3.1 Experimental setup
A wind-tunnel model of canopy was designed with cylindrical stalks of diameter 0.00025 m
and length 0.05 m [7]. The stalks were arranged on a uniform square grid of side 0.005 m.
Briefly, the working section of the wind tunnel was 11 [m] long, 1.8 [m] wide, and 0.65 [m]
high. The entering flow was tripped by a fence and was passed over a 3 m section of rough
surface formed by road gravel to let the boundary layer developed before the flow had en-
countered the 5.15 [m] long section of canopy. The leaf area index (LAI) of the model
canopy is 0.47. In other words, the wind-tunnel experiment represents a neutrally-stratified
ABL flow over a homogeneous plant canopy in which the domain is 110h×38h×17h. The
estimated mean aerodynamic canopy height was h = 0.047 m [7]. Given the mean velocity
Uh = 2.88 m/s at z = h, the Reynolds number Re = Uhh/ν has a value of 9.0 × 103 in
this wind-tunnel study.
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(a) Mean U(z)/u∗ (b) Reynolds stress τR13/u
2∗
Fig. 1: (a) The result of the present LES (−−) is compared with wind-tunnel data (−o−),
a reference LES (− × −), and a model profile of wind speed in the canopy layer −  −.
(b) Vertical profile of τR13/u
2∗, present LES (−−), wind-tunnel data (−o−), a reference LES
(−×−)
3.2 Numerical setup
In the present LES, we simulate a turbulent flow over a canopy of height h = 50 [m]
which is about 1 000 times larger than that of the wind-tunnel study mentioned above. The
computational domain 1 440× 720× 500 [m3] or 28.8h× 14.4h× 10h [m3] of this study
is the same as what was considered by the LES study of [19] (e.g. run A1). The domain is
discretized into 256 × 128 × 123 cells, where the mesh is uniform in both the horizontal
directions (with∆x = ∆y = 5.625 [m]). The vertical mesh is stretched from∆z = 1.6 [m]
to ∆z = 5.5 [m], which is useful in capturing the mean shear near the bottom boundary.
The flow is driven with a streamwise pressure gradient that is adjusted dynamically to yield
a prescribed volume averaged streamwise speed of Ub. The results with Ub = 4 [m/s]
yields a mean non-dimensional wind that agrees with the wind-tunnel measurements [7].
The Reynolds number (Ubh/ν) for LES is Re = 1.3 × 107, which is 1 477 times larger
than that in the wind tunnel experiment. Thus, the wind-tunnel data can be a scaled model
of the flow represented by our LES.
Since the drag coefficient Cd decreases as Re increases [7], a normalized form of the
canopy drag force is considered to estimate Cd for eq (2), where fih/U2b = hCdA|u|ui.
We have observed that hCdA = 0.236 yields a mean wind profile that agrees well with
the wind profile measured in the wind-tunnel [19]. The plant area index (PAI), hA = 0.5,
yields Cd = 0.4725 which is about 35% of the Cd quoted by [7]. The total simulation time
for all the results is 6 [h] unless it is mentioned otherwise. The data from the last N time
steps that account for a period of 3 h are used for obtaining the average statistics, where
u¯i = (1/N)
∑N
k=1 u
k
i and τ
R
ij = (ui − u¯i)(uj − u¯j) are the resolved mean velocity and
Reynolds stresses, respectively [34].
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3.3 Assessment of LES and wind-tunnel results
We consider wind tunnel measurements to understand the dissipation of mean energy to
the production of subgrid-scale energy. The subgrid-scale energy production by the mean
wind U(z) is the product of τR13 = 〈u′w′〉 and ∂U(z)/∂z. One expects that τR13 is likely
to be negative if U(z) is an increasing function of z. In our LES, the mean streamwise
velocity u¯1(x, y, z) was averaged over the entire horizontal plane at each vertical level to
obtain U(z) =
∫ 28.8h
x=0
∫ 14.4h
y=0
u¯1(x, y, z)dydx. The resulting vertical profile U(z)/u∗ of
the normalized streamwise velocity, which is compared with the corresponding experimental
data in Fig 1a. The wind profile is also compared with that of the LES of [19]. The results
exhibit a good agreement among the three data sets. The deviation between results of LES
and wind-tunnel data in the region of z > h is primarily due to the differences in the outer
boundary conditions [19].
A critical difference between the atmospheric boundary layer flow of over a rough sur-
face and that over a forest comes from the roughness sublayer. In Fig 1a, the vertical profile
of the streamwise mean wind exhibits an inflection point at z/h = 1, while the gradient of
mean wind remains positive. Below the inflection point, the wind is well approximated by
e−α(1−z/h) with α = 1.60 [7]. Such exponential change of wind is a fundamental differ-
ence of canopy flow with classical rough-wall turbulent boundary layer flows. Each of the
experiment and LESs has a similar wind profile in the canopy region.
In Fig 1b, the stress τR13 is normalized by the friction velocity, u
2∗ = max
0≤z≤10h
(−τR13).
Clearly, the vertical distribution of τR13 is negative, as expected. The most important finding
is that the representation of SGS TKE by Q-criterion and vortex stretching in the SGS-
w model is an acceptable representation of subgrid-scale turbulence in canopy flows. The
guideline of studying SGS dissipation as a function of Q and Sω comes from the earlier
work of [15], and [19]. The role of vortex stretching in the SGS energy flux was thoroughly
scrutinized by the LES study of rough-wall turbulent boundary layer [8]. While the study
of coherent structures in canopy flows exists, to the best of our knowledge, this work is a
first-time attempt in designing an SGS model for canopy flows, which is based on coherent
structures.
It is worth discussing that we have not explicitly modeled the effects of wind shear. In
other words, we have neither considered a damping function nor a boundary-layer specific
blending of the length scale, ∆LES (see [25]). The importance of the blending of length scale
in boundary-layer meteorology in the context of the non-dynamic formulation of Deardorff’s
TKE model was studied by [22]. Recent findings of [22] also suggests for an equivalent dy-
namic approach, such as SGS-w model, for LES of canopy flows, which is further discussed
below.
4 Analysis and Discussion
4.1 Coherent structures and subgrid-scale motion in a canopy flow.
Consider the second invariant
Q = 1
2
[(
∂ui
∂xj
− ∂uj
∂xi
)2
−
(
∂ui
∂xj
+
∂uj
∂xi
)2]
(9)
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of the velocity gradient tensor ∂ui/∂xj , which can be interpreted as an indication of the
local pressure changes in the Navier-Stokes equations. A fluid region of Q > 0 indicates
that the rotation rate Rij = ∂ui∂xj −
∂uj
∂xi
dominates over the strain rate Sij = ∂ui∂xj +
∂uj
∂xi
.
However, Q > 0 does not necessarily mean that the pressure is minimum within the re-
gion. Fig 2(a, b, c) demonstrates the isosurface of Q = 0.2U2/h2 colored by the spanwise
vorticity ωy (i.e.R13), where the red and blue colors denote positive and negative values, re-
spectively. Note that a canopy flow contains the vorticity of the mean ABL flow 〈U(z), 0, 0〉,
i.e. R13 = ∂u/∂z − ∂w/∂x that points toward the spanwise direction, as well as the vor-
ticity associated with turbulent fluctuations, which is usually random. The spanwise rolls
are likely to deform into inclined arched or hairpin-like structures – the precise transition of
which is flow-dependent [5]. For a fully developed turbulent flow through a canopy, Fig 2
shows the the coherent structures while they are simultaneously advected, stretched, and
tilted. One notes that the Reynolds shear-stress can be expressed in terms of velocity fluc-
tuations in the direction of principal rate of strain, i.e. τR13 = (1/2)[(w′∗)2 − (u′∗)2] (see
the corresponding discussion in [9]). Here, the notation (·)′∗ indicates that the co-ordinate
system is rotated along the principal axes of the strain tensor. This means that in Fig 2 the
negative (clock-wise) value ofR13 is due to the Reynolds stress (e.g. Fig 2d) associated with
large fluctuations of w′∗ in the principal axes of the strain tensor. The qualitative description
of the flow structures in Fig 2 also indicates that wind inside a forest canopy is linked to the
morphology of canopy elements and their aerodynamic response to airflow [27].
4.2 Turbulence above a canopy layer
The structure of modified turbulence above the canopy layer have been studied most inten-
sively [19]. The mean flow kinetic energy in the canopy layer is entrained from the free
atmosphere, where kinetic energy is stored. In region above the canopy layer, the modified
turbulence enhances a mechanism for the vertical mixing of the mean-flow kinetic energy
and the momentum. From Eq (7) we estimate that the rate of dissipation per unit mass in the
layer just above the canopy is −u′w′∂u/∂z = u2∗(u∗/κz), where the flow is restored to
the neutrally stratified turbulent atmospheric boundary layer. Therefore, the amount of dis-
sipation within the canopy layer z0 ≤ z ≤ z1 is given by
∫ z1
z0
(z)dz = (u3∗/κ) ln(z1/z0).
Fig 3a demonstrate that two logarithmic regions exist in a fully developed turbulent flow
through a canopy – one is below the tree trunk and characterized by the surface friction
velocity u∗z0 . The other log-region is above the canopy edge, which is characterized by the
canopy friction velocity is u∗z1 . The difference of the momentum fluxes between the two
region, u2∗z1 − u2∗z0 , equals the momentum deficit caused by the canopy.
The statistical description of coherent structures in wall-bounded turbulent flows usually
provides most of the phenomena exploited by turbulent flows over a canopy or another form
of multiscale rough surfaces [1]. In that view, the coherent structures depicted in Fig 2 are
responsible to carry Reynolds stresses and to transport mean momentum. To illustrate the
role that Reynolds stresses would play in the production and dissipation of TKE, the vertical
distribution of the TKE is presented in Fig 4. The kinematic Reynolds stress, τRij = −u′iu′j ,
is obtained by taking a time average of the solution during the last 3 hours, treating this
as an ensemble of large statistical samples distributed in the three-dimensional space. The
TKE defined by τRii was averaged over the horizontal domain. Fig 4a presents the vertical
profiles of the diagonal components of the Reynolds stress, where σu = τR11, σv = τ
R
22,
and σw = τR33 are the variances of the velocity fluctuations, and half of their sum (i.e. TKE)
represents turbulence intensity. The results are compared between three models, namely,
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(a) Q, SGS-w (b) Q, SGS-s
(c) Q, SGS-d (d) τR13, SGS-w
Fig. 2: A visualization of the coherent structures. Isosurfaces of the Q-criterion and the shear
stress are colored by values of spanwise vorticity. (a) Q-criterion, shear-adjusted SGS-w
model, (b) Q-criterion, dynamic Lagrangian SGS-s model (c) Q-criterion, Deardorff’s TKE
based SGS-d model, and (d) shear-stress τR13, SGS-w model
Fig. 3: (a) The vertical profile of mean stream-wise flow showing two logarithmic region.
One is above the canopy, which is characterized by the canopy friction velocity u∗z1 . The
other is in the very bottom of the canopy, which is characterized by the surface friction
velocity u∗z0 . (b) The energy flux −u′w′∂u/∂z. Both plots are normalized by surface
friction velocity u∗z0 .
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SGS-w, SGS-d, and SGS-s. It is seen that the longitudinal velocity fluctuations are the largest
because the shear production in a neutrally stable ABL initially feeds the energy into the u-
component. The energy is subsequently distributed into the lateral components v and w. As
discussed earlier, the results of LES are expected to be relatively insensitive to the choice
of the three SGS models if a majority of TKE is resolved. We see that each model predicts
an overall expected behavior of the Reynolds stress. A variation of 18% in the prediction
of turbulence intensity with respect to SGS-w and SGS-d suggest that the TKE carried by
coherent structures are captured more directly by Eq (8) than Eq (7). In the Lagrangian
dynamic model, the time history of energy-carrying eddies are employed for adjusting the
dissipation dynamically. A comparison of the result of locally-adaptive model (SGS-w) in
Fig 4a with that of Lagrangian dynamic model (SGS-s) in Fig 4c also suggests that the
consideration of Q and Sω in the derivation of Eq (8) help to capture the dynamical role of
coherent structures without solving additional transport equations.
In Fig 5, a brief sensitivity study of the model parameter Cw of the SGS-w model
is shown. Here, Cw was estimated analytically by equating the eddy-viscosity given by
Eq (8) with the eddy-viscosity of Smagorinsky-Lilly model (1), which leads to C2w =
C2s∆LES
√
2SijSij/k1/2w (where k1/2w is the expression within [·] in Eq (8).) To estimate
Cw, we considered a simulation of homogeneous isotropic turbulence in a periodic box us-
ingCs = 0.17. It was found that a value ofCw ∼ 0.5-0.55 persists for many eddy-turn over
time for both decaying and forced turbulence. As depicted in Fig 5, the vertical profiles of
the resolved TKE for Cw = 0.125, 0.325, 0.525 are quite similar in the canopy sublayer.
Based on our observation from several other numerical tests of the same canopy flow, we
find that the modeled portion of the TKE kw is dynamically adjusted as the resolved flow
varies by a change of Cw. Overall, a value of Cw = 0.325 seems to be appropriate for
canopy flows (see Fig 5b).
4.3 Quadrant analysis
While a flow visualization technique can identify coherent structures, the quadrant analysis
technique is a powerful yet simple method, to investigate the contributions of the coher-
ent motions. The instantaneous stress −u′w′ is viewed in the four quadrants of u′ − w′
plane, namely, Q1 (u′ > 0, w′ > 0), Q2 (u′ < 0, w′ > 0), Q3 (u′ < 0, w′ < 0), and
Q4 (u′ > 0, w′ < 0). In the context of ABL studies this method holds a lot of promise for a
single level sonic anemometer data to determine the largest possible contributions to−u′w′,
such as statistical properties of strong “ejection-like” (u′ < 0, w′ > 0, Q2) or “sweep-like”
(u′ > 0, w′ < 0, Q4) bursting phenomena of boundary layer turbulence. Ref [44] ex-
tracted coherent structures from the DNS of a channel flow by linear stochastic estimation
of “ejection-like” near-wall events. Using Haar wavelet transform, ref [42] observed that
sweep-ejection cycle has a dominant contribution to the Reynolds stress. Ref [19] observed
that the conjunction of Q2 and Q4 events produces the location of the coherent scalar mi-
crofront, and that the sweep-ejection cycle is also associated with the breaking of symmetry
in flows over a vegetation canopy.
For the purpose of understanding the predictions of SGS motion by the SGS-w model,
Eq (8), Fig 6 illustrates a qualitative comparison of sweep- and ejection-like events among
three SGS models. The time series of the resolved SGS velocities u′ (=u − u¯) and w′
(=w − w¯) are displayed in Fig 6(a, c, e), where u and w are resolved velocity computed
at a height of z/h = 1 on the vertical centerline of the computational domain. The nature
of the time series of the velocity fluctuations with respect to three SGS models is similar,
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(a) Scale-adaptive (SGS-w)
(b) Deardorff’s TKE (SGS-d)
(c) dynamic Lagrangian (SGS-s)
Fig. 4: Vertical profiles of the Reynolds stresses, σu, σv , σw, and TKE. (a) Scale-adaptive
algebraic eddy-viscosity model SGS-w, which does not solve any additional transport equa-
tion; (b) Deardorff’s TKE model SGS-d, which solves an additional transport equation, and
(c) Lagrangian dynamic model SGS-s, which solves two additional transport equations.
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(a)
(b)
Fig. 5: The result of a sensitivity study of the model parameter Cw. In (a) the legend is
skipped for brevity, where · · · Cw = 0.125, − · − Cw = 0.325, and −− Cw = 0.525.
except the intermittent burst of horizontal velocity fluctuations are relatively protuberant in
SGS-w/s models than the SGS-d models. This is consistent with the similarity of the flow
structures depicted in Fig 4. It is evident implicitly that the rate (τR13S13) of mixing by the
Reynolds stress in the forest edge – due to passing of energy from the mean flow to the tur-
bulence – is enhanced by resolved shear S13. Fig 6(b, d, f) demonstrate the scattered plots
of the velocity fluctuations on the u′-w′ plane. Briefly, the ejection (Q2) of low-momentum
are associated with the sweeps (Q4) of high momentum fluids. It is worth mentioning that
Title Suppressed Due to Excessive Length 13
(a) (b)
(c) (d)
(e) (f)
Fig. 6: Time series of fluctuations in the streamwise (u′) and vertical (w′) velocities. Left
column: time series plots of u′ and w′ vs t; right column: scattered plot of u′ vs w′. (a, b)
wall-adaptive SGS-w model, (c, d) Deardorff’s TKE model, SGS-d, and (e, f) dynamic
Lagrangian SGS-w model
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an overall similarity among the plots in Fig 6(b, d, f) indicates the similar nature of three
dynamic modeling approaches.
5 Conclusion
In this article, a numerical study of the energy transfer between the resolved- and the subgrid-
scale motions in a turbulent flow over a forest-like canopy is summarized. LES and wind-
tunnel measurements of the mean vertical wind profile and the Reynolds stress suggests that
the subgrid-scale energy transfer is strongly correlated with the coherent structures and vor-
tex stretching mechanism. This result is consistent with the previous findings of [15] and
[19].
In particular, we find that the advancement of the scale-adaptive large-eddy simulation
framework is a potential methodology that correlates the SGS dissipation of TKE to the
vortex stretching mechanism through the second invariant of the square of the velocity gra-
dient tensor. Considering the form-drag experienced by a forest-like canopy in the form of
three-dimensional Forchheimer stress, the wind profiles simulated by our LES agree with
the corresponding profiles of wind-tunnel measurements. Incorporating the viscous drag in
the form of Darcy-Forcheimer stress, this work observes two log-regions: one below the tree
trunk and one above the canopy edge. The bottom log-region is characterized by the friction
of the surface, and the upper log-region is characterized by the friction of the canopy with
the air-flow aloft.
It is worth mentioning that this study considers three strategies of the dynamic model-
ing approach for canopy flows. We have analyzed scale-adaptive large-eddy simulation for
canopy flows, where neither the canopy elements nor the viscous sublayer is fully resolved.
The results show that capturing the effects of coherent structures captured about 18% more
SGS TKE with respect to resolving the dynamics of SGS TKE through a transport equation.
There is a substantial investigation of canopy flows, for example, see the work of [35]
and [19]. However, there remains several questions in the context of SGS turbulence model-
ing. As nature of the canopy flow shares between mixing layer and turbulent boundary layer,
it is an ideal candidate for understanding the role of self-amplification of the strain-rate with
that of vortex stretching. We think that such consideration may help our future studies on
understanding the transition of scales in atmospheric turbulence, particularly in ‘grey-zone’
turbulence.
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